A temporary increase in the conductivity of aluminum oxide sputter deposited on the surface of aluminum wafers was made by exposure to vacuum ultraviolet ͑VUV͒ radiation produced by a synchrotron light source. The oxide was charged, either positively or negatively, by exposure to a nonreactive inductively coupled plasma, under typical plasma processing conditions. We show the dependence of the conductivity on the energy of the incoming radiation, and conclude that only those photons whose energy is above the band gap of the oxide are capable of producing a temporary increase in the conductivity. Two processes, photoemission and enhanced conductivity, create currents flowing across the oxide layer. A circuit model was developed to show the contributions from both processes to the total current. We conclude that VUV radiation may be used to significantly decrease plasma-induced surface charging of dielectrics.
I. INTRODUCTION
During plasma processing, charging of dielectrics plays a leading role within the damage mechanisms of semiconductor devices and plasma-processed materials in general. This damage mechanism is greatly influenced by plasmaemitted x-ray, vacuum ultraviolet ͑VUV͒, and ultraviolet radiation. [1] [2] [3] It was determined that most processing plasmas emit radiation in the VUV energy band of 4 -30 eV, with most of the radiation above 9 eV, the latter of which is approximately the energy band gap of SiO 2 , 4 and more than the energy band gap of other dielectrics used in semiconductor device manufacturing ͑e.g., 6 eV for Si x N y and 8.3 eV for Al 2 O 3 ͒. The radiation is absorbed in the exposed oxide layers and it results in the generation of electron-hole pairs. Although it has been established that electron-hole-pair generation in the oxide increases the SiO 2 bulk and interface trapped-charge density, which may affect device reliability, 5, 6 plasma VUV irradiation of oxides can have a beneficial effect by inducing a temporarily enhanced oxide conductivity. This can reduce dielectric charging, especially that induced by electron-shading effects 7 during plasma etching of high aspect-ratio devices, by providing a safe way to discharge these structures and, thus, minimize charging damage. The enhanced conductivity can also have beneficial effects on the etching properties of oxides such as reduction of notching, sidewall bowing, and trenching. In opposition to this effect, VUV photons incident on the surface of the dielectric may concomitantly cause photoemission of electrons and/or polarization of the dielectric, 8 resulting in a net positive charge on the surface.
It has been previously shown, by exposure to synchrotron radiation in the above energy range, that a temporary increase in oxide surface conductivity was produced while the oxide was exposed to VUV radiation. 9 The purpose of this work is to show the energy dependence of the surface conductivity in Al 2 O 3 and that a net current is drawn through the oxide-caused by a combination of the photoemission/ polarization and the temporarily enhanced conductivity. By suitably biasing the substrate, we can decrease the photoemission current and retain the conduction current, thus permitting depletion of the previously stored charge in and around the VUV exposed region.
First, we demonstrate the dependence of the Al 2 O 3 surface conductivity on the energy of the incoming radiation and we show that the peak conductivity occurs for irradiation with photons with an energy of approximately 18 eV. Second, by exposing precharged oxide samples to VUV, we show that the regions exposed to VUV radiation exhibit charge depletion in and around the exposed areas. Finally, we measure the current drawn by the oxide-coated wafer as a function of time for various biasing arrangements under VUV exposure.
II. EXPERIMENTAL ARRANGEMENTS
It was desired that the investigation of the VUV-induced conductivity on an oxide-coated wafer, as a function of the energy of the plasma VUV radiation, take place under exposure of the test structures to processing plasmas, while the VUV-emission intensity and wavelength is measured. However, these measurements are not possible during plasma exposure because the plasma provides an additional current path that interferes with our measurements. To eliminate this, we used monochromatic synchrotron radiation in the same photon energy range to expose the test structures under vacuum. radiation is the ability to determine the dependence of measured quantities on the wavelength of the incoming radiation.
To achieve our first goal, we exposed oxide-coated wafers to synchrotron radiation at the Synchrotron Radiation Center, at the University of Wisconsin-Madison. The monochromatic light was supplied by the Aladdin synchrotron storage ring, passing through a VUV monochromator. The electron beam used to generate the synchrotron radiation had a current of up to 250 mA, at an energy of 800 MeV. The VUV monochromator that was connected to the beamline is a normal-incidence Seya-Namioka monochromator, with an output energy range of 4 -30 eV, and a bandpass of 3 Å.
The oxide-coated samples were mounted in a vacuum chamber coupled to the beamline monochromator. The mounting unit was positioned to the incident VUV beam normal to the surface of the wafer. The monochromatic synchrotron light was directed on the sample ͑the position of the light spot is shown in Fig. 1͒ , with a spot dimension of 5 mmϫ15mm. During the measurements, the chamber was evacuated to pressures in the 10 -8 Torr range. Two stainlesssteel electrodes were used to connect an outside currentvoltage circuit to the sample as also shown in Fig. 1 .
The current across the surface of the oxide sample was measured with a bias voltage of 45 V, as the synchrotron light energy was varied between 5 and 20 eV. The oxide, in this case Al 2 O 3 , has an energy gap of approximately 8.3 eV, which is very similar to that of SiO 2 . The oxide was deposited by reactive sputtering and is 3000 Å thick. The dark current was measured by recording the currents while scanning the same energy range with the light shutter closed. This also assured that there were no light leaks or other coupling to the circuit. In all cases, the dark current was at least 1 order of magnitude less than the conduction current. In addition, making sure that the incoming radiation does not hit the electrodes eliminates photoemission currents from being induced in the circuitry. The net oxide surface current ͑mea-sured current less dark current͒ was normalized to a constant electron beam current ͑200 mA͒ and the photon flux at 15 eV. The normalized net steady-state current as a function of incident photon energy is shown in Fig. 2 . Note that no significant increase in current occurs until the VUV photon energy approaches the band gap of the oxide. The current due to secondary emission of electrons by the stainless-steel electrodes is small compared to the current produced by electron-hole pair creation or photoemission in the oxide.
The effect of VUV radiation on depletion of charge is the key part of this work. In order to test this, samples were charged by placing them in a nonreactive argon inductively coupled plasma ͑ICP͒ for several minutes. The ICP power was 1 kW and two different sample bias conditions were used so as to produce a net positive or negative charge in the oxide. The former was achieved with 150 W rf bias power and the latter with zero bias power. Figure 3 shows a scan across the 11.5 cm sample using the contact potential difference ͑CPD͒ technique 10 that was made before exposure to the VUV. The difference between positive and negative charging is quite clear.
The CPD technique employed in this work to determine the amount of charging induced by plasma exposure is an application of the Kelvin-probe technique, 11 used for the measurement of work functions of different materials. The Kelvin-probe method measures the contact potential difference ͑difference in the work functions͒ between a vibrating Kelvin probe and the surface under analysis. In our case, by using oxide-coated wafers, the difference between measurements of plasma-exposed samples and nonexposed samples is the change in the oxide surface barrier, a direct function of the charge placed on the oxide's surface by plasma processing. Therefore, plasma induced oxide surface charge ͑den-sity͒ can be expressed as V CPD ox /d ox , where V CPD is the CPD potential measurement, ox is the oxide permittivity, and d ox is the oxide thickness.
III. TRAPPED CHARGE MEASUREMENTS
Since most plasma processing occurs with a positive charge being placed on the wafer, a CPD scan of a positively charged wafer was made after exposure to VUV, which is shown in Fig. 4 for zero bias conditions. Three VUV exposures were made on the sample at 15 eV for 5, 30, and 300 s. The first exposure was made at the exact center of the sample, while the remaining two were displaced above and below the center by about 10 mm. Two CPD scans, at right angles to each other, show a dramatic change in the charge profiles. 12 First, note that there is a significant decrease in charge at the center of the sample and an increase in charge toward the outside of the wafer. This is as a result of the VUV exposure that produces a temporary conductivity increase both on the surface of the oxide 9 and in the bulk. 13 The temporary increase in the conductivity in this area will tend to make this region an equipotential and charge flows outward from the central region to the outside, pushing other charges ahead of it and resulting in a pileup at the edge of the wafer. In order to achieve this condition, the electron-hole pairs produced by the VUV would have to be sufficiently dense so that ambipolar conditions exist, and thus the long VUV exposures described above were made. An explanation of the conductivity mechanism was discussed previously. 13 When the VUV exposure is ended, the conductivity returns to its pre-exposure state, thus trapping the charge as is shown in Fig. 4 . The symmetry in the scans is due to the fact that the first exposure was in the center of the wafer and the majority of the charge movement occurs during the first exposure. In addition, the other exposures were made only 10 mm above and below the center due to mechanical constraints, a limited distance compared to the dimensions of the wafer. Subsequent exposures, although they can result in a temporary conductivity increase, are incident in a chargedepleted region, and thus do not significantly change the charge distribution. It is reasonable to conclude that, if a conducting path were placed on the edge of the VUV exposed region to ground, the charge would drain off as long as the VUV was turned on, thus providing a means to discharge the accumulated charge. Figure 5 shows the current to the substrate of the wafer as a function of time and the photon flux for several VUV exposures. It can be seen that a slow decay of the current takes place, when the wafer is negatively biased, but that the steady state value of the current is not zero. We conclude that the transient part of the current is due to photoemission, since eventually the oxide charges sufficiently positively to keep electrons from being emitted, and the remaining current combines both steady state photoemission and conduction through the oxide ͑see also Fig. 10͒ . Note that the current immediately drops to zero when the VUV is turned off.
IV. CURRENT MEASUREMENTS
The net charge on the dielectric was then measured with the CPD method as shown in Fig. 6 . The peaks of the charge correspond beam locations for each of the various current measurements in Fig. 5 . This was accomplished by moving the wafer with respect to the photon beam. The lowest contact potential ͑lowest charge͒ occurs with the positive bias. Because the wafer was initially uncharged, the only charge that appears here is localized and is only that due to photoemission of the few electrons that escape the positive bias potential. As an additional measurement, the substrate was floated with respect to the chamber, and its potential was measured before, during, and after VUV exposure. The potential rose to approximately 7 V during VUV exposure and remained constant until the VUV was turned off, when it decayed back toward zero. The 7 V potential is approximately the difference between the photon energy ͑15 eV͒ and the band gap energy ͑8.3 eV͒.
V. ELECTRIC CIRCUIT MODEL
In order to more fully understand the nature of the current measured during VUV exposure, a circuit model was developed. Figure 7 shows a drawing of the experimental arrangement.
As can be seen, incident VUV radiation results in photemission from the oxide layer. The photoemitted electrons have an initial energy, which we estimate to be on the order of 7 V and results in a photoemission current that we assume follows the Child-Langmuir law for a vacuum diode. In addition, a conduction current, I ox flows through the oxide as shown. The substrate can be biased with an external dc supply, either positively or negatively. It should be emphasized that both currents cease when the VUV is turned off as can be seen in Fig. 5 . In addition, Fig. 5 shows that reversing the substrate bias voltage effectively eliminates the photoemission current and no transient is observed, but conduction current still remains. Figure 8 shows the resulting circuit diagram with the portions of the circuit that correspond to the aluminum oxide layer, the substrate, and the vacuum chamber identified. We assume that the photoemission characteristic corresponds roughly to a piecewise-linear diode, whose voltage V d and resistance R d are fitting parameters. Additional fitting parameters are V a , the initial energy of the photoemitted electrons, and R s , the current limiting resistance of the VUV generator, which is inversely proportional to the VUV intensity. Both electrons and holes can contribute to the conduction current, but only electrons to the photoemission current. R ox is the temporary resistance introduced by the VUV which is a function of the voltage across the oxide due to the FowlerNordheim tunneling effect. We model it as:
where R 0 and are fitting parameters. C ox is the effective capacitance across the oxide corresponding to the area of the VUV exposure. V is the voltage on the oxide surface with respect to ground.
Since we do not know the division between the photoemission current and the conduction current, we find the Thevenin equivalent circuit for the diode and VUV circuit regions and then convert to a Norton equivalent circuit to find the oxide current. The circuit equation is:
where V is the node voltage, C ox is the oxide capacitance, R d is the diode resistance, R s is the VUV source resistance, and I 0 is the Norton current source as shown below:
The symbol ʈ means the parallel combination of the resistors listed. Equation ͑1͒ is solved numerically for the node voltage V. The oxide current is then the current passing through the parallel combination of C ox and R ox as shown in Fig. 9 .
Assuming values for V a , V d , C, and V b , we can then use the measured data to find algebraically R ox and the parallel combination of R s and R d . We cannot separate these Table I . Figure 10 shows the experimentally measured data with a plot of the computed current for a bias voltage of Ϫ90. The agreement is quite good. We also can compute the effective conductivity of the oxide from the computed value of R ox . We assume that the conducting region appears directly below the VUV beam, whose area is 5ϫ15 mm 2 . The Al 2 O 3 oxide is 3000 Å thick, and resulting bulk conductivity is: 1.48 ϫ10 Ϫ16 (⍀ cm) -1 .
VI. CONCLUSION
In summary, we showed the dependence of the Al 2 O 3 surface conductivity on the energy of the incoming radiation. We found the peak surface conductivity to occur for irradiation with photons with an energy of approximately 18 eV. Second, by exposing precharged oxide samples to VUV, we showed that the regions exposed to VUV radiation exhibit charge depletion in and around the exposed areas. The oxide was precharged, either positively or negatively, by exposure to nonreactive ICP, under typical plasma processing conditions. We conclude that VUV radiation can significantly decrease plasma-induced surface charging of dielectrics. 
